It has long been known that many proteins require folding via molecular chaperones for their function. Although it has become apparent that folding imposes constraints on protein sequence evolution, the effects exerted by different chaperone classes are so far unknown. We have analyzed data of protein interaction with the chaperones in Saccharomyces cerevisiae using network methods. The results reveal a distinct community structure within the network that was hitherto undetectable with standard statistical tools. Sixty-four yeast chaperones comprise ten distinct modules that are defined by interaction specificity for their 2,691 interacting proteins. The classes of interacting proteins that are in turn defined by their dedicated chaperone modules are distinguished by various physiochemical protein properties and are characterized by significantly different protein expression levels, codon usage, and amino acid substitution rates. Correlations between substitution rate, codon bias, and gene expression level that have long been known for yeast are apparent at the level of the chaperonedefined modules. This indicates that correlated expression, conservation, and codon bias levels for yeast genes are attributable to previously unrecognized effects of protein folding. Proteome-wide categories of chaperone-substrate specificity uncover novel hubs of functional constraint in protein evolution that are conserved across 20 fungal genomes.
Introduction
Chaperones (Ellis 1987) , also called heat shock proteins (HSPs) , are essential in all living cells as they assist protein folding, prevent protein aggregation, and play a crucial role in survival under stress conditions (Young et al. 2004 ). Manipulation of chaperone expression has revealed that chaperones have an additional role as capacitors of phenotypic variation (Fares et al. 2002; Queitsch et al. 2002; Rutherford 2003) . Inhibition of Hsp90 chaperone function in Arabidopsis thaliana exposes genotype-independent phenotypic variation in a similar manner to growth under heat stress conditions (Queitsch et al. 2002) . Increasing the expression level of the GroEL (Hsp60) chaperone confers improved fitness in Escherichia coli under high mutational loads (Fares et al. 2002) . Chaperones can thus buffer the effects of slightly deleterious mutations, presumably by compensating for decreased protein structure stability of mutated proteins (Fares et al. 2002; Queitsch et al. 2002; Rutherford 2003) .
Protein interaction with the chaperones for folding impacts the evolvability of substrate proteins (Rutherford 2003; Tokuriki and Tawfik 2009) . Overexpression of GroEL/GroES can double the number of accumulating mutations in GroEL substrates in vitro (Tokuriki and Tawfik 2009) . Furthermore, the amino acid substitution rate of proteins that depend upon the GroEL for folding in E. coli is higher than that of GroEL-independent proteins (Bogumil and Dagan 2010) . Here, we study the impact of protein interaction with chaperones on whole-genome evolutionary dynamics. To address this question, we used a network approach to analyze an extensive data set of chaperoneprotein interactions assembled by screening for chaperoneassociated protein complexes in yeast (Gong et al. 2009 ). The chaperone repertoire in the Saccharomyces cerevisiae proteome consists of 69 molecular chaperones and their co-chaperones, most of which are known to assist the folding or unfolding of proteins in the cell; other chaperones assume diverse cellular functions including translocation across membranes and stabilizing protein-protein interactions (Voos and Rö ttgers 2003; Young et al. 2004; Kampinga and Craig 2010) . The majority of nascent ª The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/ 3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. polypeptides in the yeast protein-folding pathway interact with the ribosome-associated complex (RAC) that includes a member of the Hsp70 family and a co-chaperone from the Hsp40 family (J-proteins) (Young et al. 2004; Kampinga and Craig 2010) . Some proteins also interact with one or more of the following chaperone classes: prefoldin (PFD), TriC (CCT), and Hsp90 (Young et al. 2004 ). Most of the proteins encoded in the yeast genome (3,595 of 5,880) interact with at least one chaperone, many of them (2,952) with two or more chaperones (Gong et al. 2009 ). The present networks uncover hitherto unrecognized modular interactions between chaperone families and their interacting proteins.
Materials and Methods

Data
Data of chaperone interaction repertoire in S. cerevisiae were downloaded from Gong et al. (2009) . Amino acid usage data, functional assignment, chromosomal location, frequencies of optimal codons, codon adaptation index (CAI), gravy scores (hydropathy index), and aromaticity scores were obtained from the Saccharomyces Genome Database (Cherry et al. 1997) . Protein cellular localization was obtained from Huh et al. (2003) and the Gene Ontology database (Ashburner et al. 2000) . Secondary structure of all proteins was inferred using PsiPred (Jones 1999) . For the calculation of secondary structure usage, a threshold of probability .0.7 was used. Protein expression data were obtained from Ghaemmaghami et al. (2003) . For the statistical analysis, the natural log of protein expression was used. Proteins with no expression level information (107) or with zero expression level (1,665) were omitted from the analysis. All statistical analyses were performed using MatLab Statistics toolbox.
Network Modularity Structure
A division of the nodes in the network into modules was obtained by defining a modularity function of each bipartition of the network, as the number of edges within a module minus the expected number of edges in the module. Maximizing this function over all possible divisions using eigenspectrum analysis yields the optimal division of the network into modules (Newman 2006) .
Evolutionary Rate
Positional orthology assignments within 20 fungal proteomes were obtained from Wapinski et al. (2007) . Open reading frames lacking orthologs (282 in total) were omitted from the analysis. Multiple alignments of all yeast open reading frames with orthologous sequences were reconstructed with MAFFT (Katoh et al. 2005) . Phylogenetic trees were reconstructed with PhyML (Guindon and Gascuel 2003) using the best-fit model as inferred by ProtTest 3 (Darriba et al. 2011 ) using the Akaike information criterion (Akaike 1974) measure. Distances from the S. cerevisiae proteins to their orthologs were calculated as the sum of branch lengths. To calculate the relative amino acid substitution rates of substrates, we first Z-transformed the distances to the 20 proteomes separately and then averaged the standardized distances over all orthologs.
Results
Modules in the Chaperone-Substrate Interaction Network
In an extensive screening for proteins that interact with each of the 63 chaperones encoded in yeast, Gong et al. (2009) documented a total of 21,687 interactions. The network reconstructed from Gong et al. (2009) data contains 3,595 entities, 3,526 of which are chaperone-interacting proteins (for simplicity termed ''substrates'' here, yet making no statement about specificity). The remaining 69 entities are chaperones. We designate this as the chaperone-substrate interaction (CSI) network. The network can be fully defined by a matrix, A 5 [a ij ]69 Â 3,595, with a ij 5 1 if chaperone i and protein j interact and a ij 5 0 otherwise. The chaperones and substrates form two disjoint sets of nodes where interactions between substrate nodes are not allowed because the data reflect the interactions of chaperones with substrate proteins but not other possible interactions among the substrate proteins. The network is thus semi-multipartite, with 9,194 edges of CSIs and 332 edges of chaperonechaperone interactions ( fig. 1 ). Co-chaperones in our network were found to interact almost exclusively with chaperones.
The CSI network includes five highly connected Hsp70 chaperones that are linked to almost all substrates in the network (Gong et al. 2009 ). The remaining 64 chaperones interact with fewer proteins, ranging between 2 and 732 substrates per chaperone. Some chaperones interact with a similar set of substrates, thereby forming communities within the network. We examined the community structure in the network by partitioning it into modules using the modularity optimization method (Newman 2006) . For each possible bipartition of the network, a modularity function is defined as the observed number of edges within a community minus the expected number. Maximizing this modularity function using its leading eigenvector yields the modules within the network (Newman 2006) . Each module is a community of nodes (chaperones and substrates), and each node is assigned to only one community allowing no multiple assignment of a protein to multiple modules.
The result uncovered ten modules that include a total of 64 chaperones and 2,691 substrates, along with 843 lesser (residual) modules that contain a single protein each. The network groups co-chaperones into modules based on their experimental interaction data with the chaperones (Gong et al. 2009 ). The modules furthermore group together chaperones that interact frequently with common substrates as well as those substrates. Five Hsp70 chaperones were not grouped into the ten main modules, forming five single-chaperone modules (Ssa1, Ssa2, Ssb1, Ssb2, and Sse1) ( fig. 1 ). These chaperones are characterized by a promiscuous substrate binding and have many substrates in common (Gong et al. 2009 ). The remaining 838 singleton modules include proteins that interact solely with the five promiscuous chaperones. We designate the ten main modules by their most connected chaperone. The modules contain between 1 (Hsp70-Ssa3) and 14 (Small-Hsp42) chaperones. The number of substrates folded by each module ranges from 65 (CCT-Cct8) to 485 (AAAþ-Hsp78) (supplementary table 1, Supplementary Material online).
The RAC-induced association of Hsp70 family chaperones and J-proteins (Hsp40 family) is clearly evident in the CSI network. For example, the Hsp70-Ssb1 chaperone interacts with 1,044 substrates in total. Of those, 585 (56%) are shared with Hsp40-Ydj1, 483 (46%) with Hsp70-Ssz1, 281 (27%) substrates are shared with Hsp40-Sis1, and 92 (9%) are shared with Hsp40-Zuo1 (Gong et al. 2009 ). Chaperones Ssb1, Zuo1, and Ssz1 are members of the yeast ribosomal chaperones triad that is anchored to the ribosome and interacts with nascent polypeptides (Gautschi et al. 2001; Conz et al. 2007) . No in vivo interactions between Ssb1 and the Hsp40 chaperones Ydj1 or Sis1 have been verified experimentally. Nevertheless, in vitro studies showed that both Ydj1 or Sis1 interact with Ssb1 to determine its specificity for substrate polypeptides (Shorter and Lindquist 2008) . The high frequency of common substrates among these chaperones in the Gong et al. (2009) data might indicate that they are associated also in vivo. Three modules (Small-Hsp42, Hsp90-Hsp82, and CCT-Cct8) contain only an Hsp40 chaperone lacking the obligatory partner from Hsp70 family. However, all substrates in these modules also interact with one or more of the five ungrouped promiscuous Hsp70 chaperones. Two modules, Hsp70-Ssa3 and Hsp70-Ssa4, include only an Hsp70 chaperone lacking an Hsp40 partner. Substrates in those two modules interact with various Hsp40 chaperones and with the Ydj1, which has no substrate specificity (Kampinga and Craig 2010) , as the most common interactor. Two modules include members of both TriC and PFD chaperone families, whereas three modules include only a TriC chaperone and one module only a PFD chaperone (supplementary table 1, Supplementary Material online).
Members within the modules are not restricted to a certain cellular localization (supplementary fig. 1 , Supplementary Material online). This result conforms with the high abundance of interactions between chaperones and substrates that are localized in different cell compartments as reported in various protein-protein interaction databases (70% in Gong et al. (2009) Stark et al. 2006, and 67% in Strings [ver. 8.3 ], Szklarczyk et al. 2011 ). This indicates that protein folding and function do not always occur in the same compartment. Module Hsp90-Hsc82 is, however, enriched with chaperones localized in the mitochondrion (5 of 9; supplementary table 1, Supplementary Material online). The module includes Hsp60 and Hsp10 that interact to fold proteins in the mitochondrion (Rospert et al. 1993 ). These two chaperones are homologous to the eubacterial GroEL/GroES chaperonin system (Gupta 1995) . Furthermore, the Hsp70 (Ssc1) and Hsp40 (Mdj2) chaperones in this module are known to be localized in the mitochondrion (supplementary (Huh et al. 2003) . Notably, the Hsp90-Hsc82 module is lacking both PFD and TriC chaperones, which are homologous to archaeal chaperones (Hartl and Hayer-Hartl 2009 ). The chaperone repertoire of this module suggests that it is of mitochondrial origin, reflecting a functional eubacterial unit within the yeast proteome (Esser et al. 2004 ).
Module Expression and Biochemical Properties
Substrate expression level as measured by protein molecules per cell (Ghaemmaghami et al. 2003 ) is significantly different among the ten modules (table 1). Substrates in modules Hsp70-Ssa4, Hsp90-Hsp2, and Hsp70-Ssz1 are expressed in the lowest level. Substrates in modules AAAþ-Hsp78 and CCT-Cct8 are highly abundant in the cell ( fig. 2) . Substrates that interact only with the promiscuous Hsp70 chaperones have a higher expression level than substrates within the modules (P 5 1.35 Â 10 À58 , using one-sided KolmogorovSmirnov). Yeast proteins that are missing from the CSI network have a significantly lower expression level than connected proteins (P 5 2.8 Â 10
À62
, using one-sided Kolmogorov-Smirnov). This suggests that those proteins might interact with chaperones but were so far not detected in surveys for chaperone interactors, possibly due to their low expression level. Chaperone expression level shows no significant differences across the ten modules (P 5 0.051, using Kruskal-Wallis). Protein expression and encoding by preferred codons are known to be positively correlated (Sharp and Li 1987) . This correlation is apparent also in the CSI network, where substrate expression level is positively correlated with CAI (table 1). A comparison of codon usage among the modules-measured by the CAI (Sharp and Li 1987)-reveals significant difference across the modules (table 1) , with modules Hsp70-Ssa4, Hsp90-Hsp82, and Hsp70-Ssz1 having the lowest CAI values and modules AAAþ-Hsp78 and CCTCct8 having the highest CAIs ( fig. 2) . A randomization of protein module classification eliminates the significant CAI differences across the modules (table 1) . A pairwise comparison of substrate expression level and CAI between the modules reveals that the correlation between these two properties is apparent at the modules level with highly expressed modules having high CAI values and vice versa ( fig. 2) .
Substrates in the ten modules vary substantially in their physiochemical properties. The secondary structure of substrates-measured by the proportion of alpha helixes and coiled coils-differs significantly among the modules (table 1) . Substrates in module Hsp70-Ssz1 are enriched with coiled coil, whereas substrates in module SmallHsp31 are enriched with alpha helixes (supplementary fig.  1 , Supplementary Material online). No significant difference in the proportion of beta-sheet structures was found among the modules (table 1) . The amino acid usage of most hydrophobic amino acids differs significantly between the modules (including Ala, Ile, Leu, Phe, and Val) as well as the usage of the negatively charged amino acid Asp ( fig. 2, Supplementary Material online) . Randomizing the module classification of substrates eliminated the significant differences among the modules for all of the substrate properties mentioned above (table 1) . Furthermore, none of these protein biochemical properties is correlated with protein expression level within the network (table 1) .
No clear enrichment for substrate functional category, cellular localization, chromosomal location (supplementary fig. 1 
Module Evolutionary Dynamics
To test the impact of protein interaction with the chaperones on protein evolution, we compared substrate amino acid substitution rate among the modules. Phylogenetic trees were reconstructed from a multiple sequence alignment of S. cerevisiae substrate proteins with their positional ortholog from among 20 sequenced fungal genomes (Wapinski et al. 2007) . A comparison of relative amino acid substitution rates among substrates in the ten modules revealed significant differences across the modules (table 1) . Randomizing the module classification of substrates eliminates the differences in evolutionary rate among the modules (table  1) . Ranking the modules from slow to fast by their relative substrate amino acid substitution rates shows that modules AAAþ-Hsp78, CCT-Cct8, and Small-Hsp31 evolve with the slowest rates, whereas modules Hsp40-Sis1, Hsp70-Ssa3, and Hsp70-Ssa4 evolve with the highest rates. Substrates in the fastest module (Hsp70-Ssa3) evolve on average 15.6% faster than substrates in the slowest module (CCT-Cct8). Chaperones in the ten modules evolve in similar evolutionary rates (P 5 0.12, using Kruskal-Wallis).
A comparison of module ranking at the species level reveals that module ranking is conserved during evolution ( fig. 3) . Substrates in the slowest and fastest modules maintain a similar ranking in almost all compared genomes. The conservation of intermediate module ranking varies to a larger extent. Module ranking is mostly diverged in species that are distantly related to yeast such as Debaryomyces hansenii and Candida parapsilosis. The intra-Saccharomyces comparison shows that substrates interacting exclusively with the five ungrouped Hsp70 chaperones evolve at the fastest rates; in more distantly related fungi, these proteins evolve at rates that are comparable to the fastest modules. Species where the module ranking is conserved (e.g., S. paradoxus and S. mikatae) are expected to have a CSI network that is similar to that of yeast ( fig. 3) .
Amino acid substitution rate and protein expression level are known to be inversely correlated at the genome level (Grantham et al. 1981; Pá l et al. 2001 Pá l et al. , 2006 Krylov et al. 2003; Drummond et al. 2005 ). This correlation is observed also in the CSI network, where substrate expression level is negatively correlated with evolutionary rate (table 1) . A comparison between module ranking by evolutionary rate with that of expression level shows that modules that are highly expressed are also the modules that evolve with the slowest substitution rates. Conversely, substrates in modules have the lowest expression levels and evolve in the highest substitution rates ( fig. 2) . A comparison of the relative amino acid substitution rates among the ten modules while adjusting for the variability in protein expression level reveals that the effect of expression level could not be rejected (P 5 0.56, using analysis of covariance; P linearity 5 2.48 Â 10
À104
; P slopes homogeneity 5 0.27).
Discussion
Chaperones are major hubs within the eukaryotic proteinprotein interaction network (Gong et al. 2009 ). The multiplicity of interacting partners imposes a strong functional constraint on the evolution of hub proteins (Fraser et al. 2002) . Moreover, multiple substrates of a certain chaperone evolve under the constraint to interact with that single chaperone. This can explain the similarity in biochemical properties and secondary structure elements among proteins that interact with common chaperones. The differences in substrate physiochemical properties across the modules are probably due to the different structures required for the interaction with the different chaperones.
Notably, the two Hsp70 paralogs Ssb1 and Ssb2 that differ in only two adjacent amino acids (C434V and A435S) were not grouped into the same module, rather each has its independent module. Interaction data of Gong et al. (2009) reveal that they have a different substrate repertoire. Ssb1 interacts with 2,756 (49%) of the substrates in our network; Ssb2 is associated with 1,064 (19%) substrates, and 899 (87%) of them are common with Ssb1 (Gong et al. 2009) . The difference in the interaction regime of these two paralogs may be due to the difference in their expression level. Under standard conditions (Ghaemmaghami et al. 2003) , Ssb1 is expressed in 170,000 copies in the cell, and Ssb2 is expressed in 104,000 copies. Hence by chance alone, it is more likely that potential Hsp70 substrates will interact more frequently with Ssb1 rather than Ssb2. Substrate specificity in Ssb2 interactions, if exists, is probably determined by chaperone and substrate coexpression or by their specificity to multiprotein complexes (e.g., the RAC complex).
Our analysis reveals that highly and lowly expressed proteins interact with different chaperones. Protein amino acid composition and secondary structure are known to impact the rate of protein folding and structural stability (Dobson 2003; Yang et al. 2010) . Protein interaction with the chaperones lowers the energetic barrier for protein folding into the functional conformation (Hartl and Hayer-Hartl 2009 ). Thus, the evolution of protein-chaperone interaction is expected to depend upon the protein propensity to fold spontaneously. Chaperone-mediated folding ensures proper functional conformation, but it costs both time and energy. For example, protein folding by the GroEL/ GroES chaperonin system in E. coli takes about 10 s and consumes seven adenosine triphosphate molecules (Horwich et al. 2009 ). It is therefore probably advantageous to have a subset of proteins that are less dependent upon chaperones for folding. If energetic efficiency is a selective constraint, this subset is likely to be defined by high expression levels and short response time. The spectrum of chaperone interaction with protein substrates can vary. For example, the GroEL/GroES chaperonin system in E. coli interacts with both casual and obligatory substrates. Casual interactors bind to GroEL in vivo but can also gain functional activity independent of GroEL in vitro (Kerner et al. 2005) . Casual GroEL substrates have significantly higher expression level than obligatory substrates (Bogumil and Dagan 2010) , consistent with the results presented here, which suggest that protein abundance within the cell largely determines the kind and mode of interaction with the chaperones for folding.
Protein expression level is known to be positively correlated with the usage of preferred codons (Sharp and Li 1987) and negatively correlated with evolutionary rate (Grantham et al. 1981; Pá l et al. 2001 Pá l et al. , 2006 Krylov et al. 2003; Drummond et al. 2005) . Current theories to explain these correlations evoke either poorly specified network properties of proteins (Fraser et al. 2002) or the specific effects of amino acid misincorporation during protein translation (Drummond et al. 2005; Drummond and Wilke 2008; Warnecke and Hurst 2010) . Our results show that dividing the yeast proteins into modules by their chaperone interactions also captures the above correlations. The ten modules are significantly different in terms of each of these three properties, yet the 3-fold correlation prevents naming any one of the three measures as the leading causal effect of substrate-chaperon interactions. The question that remains is how protein interaction with the chaperones is related to protein expression level and codon adaptation. Considering the function of yeast chaperones, the majority of interactions in the CSI network correspond to chaperonemediated protein folding. We suggest that the correlation between expression level and codon usage stems from the requirement for synchronization between protein translation and folding. Recently, it was shown that codon usage distribution along the protein sequence plays a role in protein translation speed (Cannarozzi et al. 2010; Tuller et al. 2010) . Proteins that require chaperones have to be translated at a speed that fits the time required for chaperone recruitment (i.e., chaperone abundance and turnover rate), otherwise the protein will fold spontaneously into the wrong conformation, thereby forming aggregates that hinder the cell viability (Geiler-Samerotte et al. 2011) . Proteins that can fold spontaneously into their functional conformation are free from that constraint and can be translated at a higher speed. However, with increasing translation speed, accuracy becomes more important, so that proteins that are translated at high speed should be more conserved (Drummond and Wilke 2008) . The involvement of chaperones and folding in the yeast correlations between rates, codon bias, and expression introduces new perspectives on the issue.
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